The L-(+)-lactate dehydrogenase (L-lactate:NAD+ oxidoreductase, EC 1.1.1.27) ofStreptococcus lactis C10, like that of other streptococci, was activated by fructose 1,6-diphosphate (FDP). The enzyme showed some activity in the absence of The L-lactate dehydrogenase of streptococci was shown by Wolin (23) to be activated by fructose 1,6-diphosphate (FDP). The lactate dehydrogenases from three Streptococcus species, S. faecalis (22), S. cremoris (11, 12), and S. mutans (2), have subsequently been purified and studied in some detail. The enzymes from these three species appear to differ considerably from each other in respect to a number of kinetic properties. In particular, the reported concentration of FDP required to give halfmaximal velocity (FDPO.V) ranges from about 1 to 2 AM for S. cremoris lactate dehydrogenase (12) to 5 mM for the S. mutans lactate dehydrogenase (2), whereas the S. faecalis enzyme (22) has an intermediate FDPOIV value (50 ,uM).
The L-lactate dehydrogenase of streptococci was shown by Wolin (23) to be activated by fructose 1,6-diphosphate (FDP). The lactate dehydrogenases from three Streptococcus species, S. faecalis (22) , S. cremoris (11, 12) , and S. mutans (2) , have subsequently been purified and studied in some detail. The enzymes from these three species appear to differ considerably from each other in respect to a number of kinetic properties. In particular, the reported concentration of FDP required to give halfmaximal velocity (FDPO.V) ranges from about 1 to 2 AM for S. cremoris lactate dehydrogenase (12) to 5 mM for the S. mutans lactate dehydrogenase (2) , whereas the S. faecalis enzyme (22) has an intermediate FDPOIV value (50 ,uM) .
The effect of FDP on the kinetic parameters Vtfax and Km was also found to be different for the lactate dehydrogenases from the three streptococcal species. These differences may, in part, be due to the use of different assay condiPresent address: Laboratory of Microbiology and Immunology, National Institute of Dental Research, Bethesda, MD 20014 . 82 tions, particularly the buffer composition. The kinetic and stability properties of the S. cremoris lactate dehydrogenase were affected by phosphate (12) , and the FDP,,.O5. value for the S.
mutans JC2 lactate dehydrogenase was found to be lower in 0.3 mM phosphate than in 67 mM phosphate (24) . The fact that phosphate buffer was used in some of the earlier studies (2, 22) of the streptococcal lactate dehydrogenases may account for some of the differences reported to exist between the different enzymes.
The present paper reports a more detailed comparison of the FDP activation of the S. lactis C10 lactate dehydrogenase in phosphate and other buffers and also examines other factors that could influence the activity of the enzyme in vivo. Reagents. Substrates, substrate analogues, and FDP were obtained from Sigma Chemical Co., St. Louis, Mo., with the exception of sodium pyruvate, which was obtained from Fluka AG, Buchs, Switzerland. Aldolase and a-glycerophosphate dehydrogenase plus triosephosphate isomerase were also obtained from Sigma Chemical Co.
The diethylaminoethyl (DEAE)-Protion used in enzyme purification is an anion-exchange cellulose developed by Tasman Vaccine Laboratories Ltd., New Zealand. It differs from the conventional DEAE-cellulose in having a viscose-regenerated cellulose base, which enables a faster flow rate to be obtained.
The reagents 3,3'-diaminodipropylamine and 1-cyclohexyl -3 -(2 -morpholinoethyl) -carbodiimide metho-p-toluene sulfonate, used for preparing the affinity chromatography resin, were supplied by Chemical Procurement Laboratories Inc. and Aldrich Chemical Co. Inc., respectively.
Lactate dehydrogenase assay. Lactate dehydrogenase was estimated by measuring the rate of reduced nicotinamide adenine dinucleotide (NADH) oxidation at 340 nm. The standard assay mixture contained (in a total volume of 3 ml): 90 mM tris(hydroxymethyl)aminomethane (Tris)-maleatehydrochloride buffer, pH 6.9; 0.167 mM NADH; 10 mM sodium pyruvate; 1 mM FDP; and 0.1 ml of diluted enzyme. The enzyme was diluted in cold 5 mM phosphate buffer, pH 7.0.
One unit of enzyme activity is defined as a rate of NADH oxidation of 1 ,umol per min. Routine assays during enzyme purification were carried out at room temperature, using a Unicam SP 800 spectrophotometer. Kinetic studies were carried out at 25°C, using a Beckman ACTA-3 spectrophotometer.
Protein was determined by the method of Lowry et al. (16) .
Preparation of affinity chromatography resin. Bio-Gel A-15m was activated by treatment with cyanogen bromide (250 mg/ml of packed resin) and subsequently reacted with 3,3'-diaminodipropylamine according to the procedure of Cuatrecacas (6) . The terminal amino group was then condensed with oxalate via an amide bond to give an oxamate derivative by the following procedure. To each 20 ml of packed resin, 14 ml of 0.7 M oxalic acid was added, and the pH was adjusted to 4.7. A 4-ml amount of a solution containing 0.63 g of 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene sulfonate was added dropwise, the mixture being stirred continuously while the pH was maintained at 4.7. The mixture was then stirred gently at room temperature for 24 h and finally washed with 5 24 h. The dialyzed sample (310 ml) was applied to a DEAE-Protion column (40 by 6 cm) pre-equilibrated with 0.025 M citrate buffer (pH 6.1). The column was eluted with the same buffer until the absorbance of the eluate at 280 nm had dropped to zero. The lactate dehydrogenase was eluted with 0.05 M citrate buffer, and all fractions containing the enzyme at a specific activity greater than 150 U per mg of protein were pooled. Ammonium sulfate was added to bring the concentration to 70% saturation, and the precipitate was centrifuged, redissolved in 60 ml of 0.05 M phosphate buffer (pH 6.7), and dialyzed against the same buffer for 24 h.
Portions (10 ml) of the dialyzed sample were loaded onto a column (20 by 1 cm) of oxamate affinity resin prepared as described above. The use of the oxamate column was based on the work of O'Carra and Barry (18) , who used such a column to purify pig heart lactate dehydrogenase. The column was pre-equilibrated with 0.05 M phosphate buffer (pH 6.7). One hour after loading, the column was eluted with 0.1 M phosphate buffer (pH 6.7), which removed a considerable amount of contaminant protein while leaving the lactate dehydrogenase bound to the resin. Activity was removed from the resin by successive elution with 20 ml of 0. 15 This may account for the considerable increase in specific activity achieved by the affinity chromatography procedure used here. High-specific-activity lactate dehydrogenase fractions were pooled and concentrated by ultrafiltration. The concentrated solution was finally dialyzed against 0.01 M phosphate buffer (pH 7.0) and frozen in small volumes. The frozen enzyme could be stored for several months without appreciable loss of activity or change in properties.
The above procedure purified the lactate dehydrogenase by about 100-fold. The results of the purification are shown in Table 1 . Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (21) of the enzyme purified by this procedure, followed by staining with Coomassie blue, showed that it was not homogeneous. In addition to an intensely staining band (corresponding to a subunit molecular weight of 36,000, in agreement with that obtained [8] (13) , whereas a slightly lower value (1.3 ml/g) has been obtained for S. faecalis (9) .
RESULTS
Effect of pH on enzyme activity. The effect of pH on the rate of pyruvate reduction, determined in 90 mM Tris-maleate buffer, is shown in Fig. 1A . In the absence of FDP, optimal activity was observed at pH 8.2 to 8.3. The addition of FDP to a 1-or 10-mM final concentration resulted in marked activation ofenzyme and a shift in the pH optimum to 6.9 to 7.0. Virtually identical results were obtained in triethanolamine-hydrochloride, glycylglycine, and imidazole buffers. A similar pH dependence was found in phosphate buffer, except that at 1 mM FDP enzyme activity was only about one-tenth of that at 10 mM (Fig. 1B) activity was only just detectable in the absence of FDP (Fig. 1B, inset) .
To ensure that the changes in activity with pH were not a consequence of enzyme inactivation over the assay period, the stability of the enzyme at 25°C was examined at different pH values and in different buffers. Although the enzyme was unstable on prolonged incubation at pH values above 8, no instability over the 3-min assay period was detectable even at the extremes of the pH profile.
Determination of Km values for pyruvate and NADH. Km values for pyruvate and NADH were deternined in 90 mM Tris-maleate buffer (pH 6.9) containing 0.5 mM FDP. LineweaverBurk plots with NADH as the variable substrate are shown in Fig. 2A and with pyruvate as the variable substrate in Fig. 2B . A family of intersecting straight lines was obtained, characteristic of an ordered reaction mechanism.
Secondary plots of the data in Fig. 2 The double-reciprocal plots for both substrates were quite linear over the range of concentrations used. There was no indication ofthe nonlinearity with respect to pyruvate as found with the lactate dehydrogenases from certain strains of S. mutans (2) . However, at concentrations of pyruvate greater than 20 mM, activity becme markedly inhibited.
Almost identical Km values were obtained when the determinations were repeated (at the same FDP concentration) in triethanolamine buffer. When the determinations were carried out in 90 mM phosphate buffer, the response to increasing NADH was sigmoidal (Fig. 3) . A Hill plot of the data gave an interaction coefficient for NADH of 1 buffers showed a similar lowering of the K,,, by increased FDP in these two buffers. The magnitude of the effect was very similar to that determined (22) for the S. faecalis lactate dehydrogenase. With the S. mutans lactate dehydrogenase, Brown and Wittenberger (2) found that the Km for NADH was not altered by the FDP concentration, but this may have been due to their use of a concentration range well above the FDPo.5, value.
The "apparent Vmax" values (determined from the intercepts of the Lineweaver-Burk plots at the fixed concentrations of pyruvate and NADH) were also markedly increased by increasing the FDP concentration. In a similar study of the S. faecalis lactate dehydrogenase (22) , it was found that the intercept values were unchanged when the FDP concentration was varied.
Factors affecting the binding of FDP. (Fig. 4) shows the sigmoidal nature of the inhibition at the concentration of FDP used. It is clear from the pH profiles in Fig. 1B that, at a higher FDP concentration (10 mM), phosphate inhibition was much less significant. A Hill plot of the data (Fig. 4, inset) indicates that phosphate inhibition is highly cooperative (nH = -2.4).
Replacement of phosphate by sodium sulfate (to a final concentration of 175 mM) or by potassium chloride (to 200 mM) did not inhibit enzyme activity.
Effect of Mn2+ on activity. DeVries et al. (7) found that the FDP-requiring lactate dehydrogenase of Lactobacillus casei was activated by manganese, and subsequent work (10) has shown that Mn2+ increases the affinity of this enzyme for FDP at pH values above 5.5 ing the same intracellular volume/dry-weight factor used in the present study; 24), and for Lactobacillus plantarum (17 mM; 17) . DISCUSSION The main purpose of the present study was to investigate possible reasons for the widely differing values that have been reported for the FDP requirement for activation of the streptococcal lactate dehydrogenases. Yamada and Carlsson (24) have shown that a change from glucose excess to glucose-limited growth conditions for S. mutans and S. bovis is accompanied by a large decrease in the intracellular level of FDP and a change in product formation from a virtually homolactic fermentation to one in which formate, acetate, and ethanol are the dominant fermentation products. This clearly demonstrates the importance of the FDP activation in determining the fate of pyruvate during fermentation under conditions of different carbohydrate availability. However, the reported values for the FDPo.5, value (which should be an indicator of the physiologically significant range over which FDP will control activity) vary enormously. Thus the reported FDPOS.V value for the lactate dehydrogenase of S. cremoris is of the order of 0.002 mM (11) and that for S. faecalis is 0.05 mM (22) , whereas that for several S. mutans strains is 5 mM (2) . It would seem unlikely that the physiologically significant range of FDP concentrations will differ by a factor of 2,000 in the different species.
The differences between the reported FDPo.5v values could possibly be due to differences in (19, 20) , so it is more difficult to predict the in vivo significance of phosphate inhibition of this enzyme.
It is also clear the phosphate does not affect FDP activation similarly in all streptococcal lactate dehydrogenases. Thus the S. faecalis lactate dehydrogenase is not sensitive to phosphate inhibition, which accounts for the relatively low FDP5av value reported for this species (22) even though it was studied in phosphate buffer. The S. faecalis lactate dehydrogenase also differs from the S. lactis lactate dehydrogenase in that the binding of FDP is enhanced by Mn2+ in the former enzyme but not in S. lactis. In this respect, the S. faecalis lactate dehydrogenase resembles that from L. casei, a similarity that has already been thoroughly documented for other enzymes in these two species (14) .
